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ABSTRACT
We study the impact of a warm dark matter (WDM) cosmology on dwarf galaxy formation
through a suite of cosmological hydrodynamical zoom-in simulations of Mhalo ≈ 1010 M
dark matter haloes as part of the Feedback in Realistic Environments (FIRE) project. A main
focus of this paper is to evaluate the combined effects of dark matter physics and stellar
feedback on the well-known small-scale issues found in cold dark matter (CDM) models. We
find that the z = 0 stellar mass of a galaxy is strongly correlated with the central density
of its host dark matter halo at the time of formation, zf, in both CDM and WDM models.
WDM haloes follow the same M(z = 0)–Vmax(zf) relation as in CDM, but they form later,
are less centrally dense, and therefore contain galaxies that are less massive than their CDM
counterparts. As a result, the impact of baryonic effects on the central gravitational potential
is typically diminished relative to CDM. However, the combination of delayed formation in
WDM and energy input from stellar feedback results in dark matter profiles with lower overall
densities. The WDM galaxies studied here have a wider diversity of star formation histories
(SFHs) than the same systems simulated in CDM, and the two lowest M WDM galaxies
form all of their stars at late times. The discovery of young ultrafaint dwarf galaxies with no
ancient star formation – which do not exist in our CDM simulations – would therefore provide
evidence in support of WDM.
Key words: galaxies: dwarf – galaxies: evolution – galaxies: formation – galaxies: star forma-
tion – cosmology: theory – dark matter.
1 IN T RO D U C T I O N
The leading class of dark matter particle candidates is phenomeno-
logically ‘cold’, which is consistent with the weakly interact-
ing massive particle (WIMP) paradigm, axion dark matter, and
many other particle physics models. Numerous studies using high-
resolution numerical simulations have demonstrated the dark energy
 E-mail: bozek@astro.as.utexas.edu (BB); mbk@astro.as.utexas.edu
(MB-K)
+ cold dark matter [CDM; (CDM)] model’s ability to reproduce
the observed properties of the Universe on scales above ∼1 Mpc
(for recent reviews see Frenk & White 2012; Kuhlen, Vogels-
berger & Angulo 2012; Primack 2015). On smaller scales, compar-
ing predictions of the CDM model from dark matter-only (DMO)
simulations with observations of low-mass galaxies reveals sev-
eral issues (Bullock & Boylan-Kolchin 2017). Those issues include
the overprediction of low-mass subhaloes compared with counts of
dwarf galaxies in the Local Group (Missing Satellites Problem –
Klypin et al. 1999; Moore et al. 1999) and a mismatch of the pre-
dicted dark matter content of dark matter haloes and the dark matter
C© 2018 The Author(s)
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density inferred from observations of dwarf galaxies expected to
reside in those haloes (the cusp-core Problem – Flores & Primack
1994; Moore 1994 and the Too Big To Fail (TBTF) Problem –
Boylan-Kolchin, Bullock & Kaplinghat 2011, 2012). The proposed
resolutions of these issues within the context of general relativity
appeal to galaxy formation physics altering the predicted dark mat-
ter halo properties, new dark matter physics, or some combination
of the two effects (for a discussion of these and other issues in
the context of modified gravity theories, see Famaey & McGaugh
2012).
Hydrodynamic simulations over a range of scales, from low-mass
dwarf galaxies to larger Milky Way-sized galaxies, have demon-
strated the importance of baryonic processes in addressing small-
scale dark matter issues and building realistic Local Group galaxy
populations within the CDM paradigm (Governato et al. 2012;
Zolotov et al. 2012; Sawala et al. 2016; Wetzel et al. 2016). For
example, the Missing Satellites problem can be remedied by sup-
pressing star formation in low-mass haloes through a combination
of stellar feedback and photoionization from a UV background
(Bullock, Kravtsov & Weinberg 2000; Benson et al. 2002;
Somerville 2002; Kravtsov, Gnedin & Klypin 2004). The discrep-
ancy in counts of luminous satellites and subhaloes can be further
alleviated by tidal disruption of dark matter subhaloes in simula-
tions that include a Galactic disc potential (D’Onghia et al. 2010;
Garrison-Kimmel et al. 2017b; Sawala et al. 2017; though see van
den Bosch et al. 2018). High-resolution hydrodynamical simula-
tions of the Milky Way-mass haloes including these two components
have reproduced a satellite stellar mass function that is consistent
with observations down to M  105 M (Sawala et al. 2016; Wet-
zel et al. 2016).
The TBTF and cusp-core problems may be resolved via repeated
stellar bursts driving baryonic material from halo centres and trig-
gering gravitational potential fluctuations that reduce central dark
matter density (Governato et al. 2012; Zolotov et al. 2012; Di Cintio
et al. 2014a,b; Chan et al. 2015; On˜orbe et al. 2015; Read, Agertz &
Collins 2016; Brooks et al. 2017). However, the input physics and
star formation prescriptions of different simulations have resulted
in different predictions for the degree to which dark matter structure
is modified by stellar feedback events. For example, while Sawala
et al. (2016) and Wetzel et al. (2016) both reproduce many observed
properties of Local Group galaxies including resolving the TBTF
problem, they disagree on whether the inner density profile of dwarf
galaxies feature a core or a cusp. Understanding dwarf galaxy for-
mation and evolution is critical to testing both the nature of dark
matter and the coupling between dark matter and galaxy formation
physics.
Small-scale issues have motivated consideration of warm dark
matter (WDM) as a compelling alternative to the standard CDM sce-
nario. WDM models feature the same large-scale predictions of the
CDM model, but incorporate a non-negligible velocity distribution
that erases primordial perturbations with masses below a model-
dependent scale (Hogan & Dalcanton 2000; Barkana, Haiman &
Ostriker 2001; Bode, Ostriker & Turok 2001; Sommer-Larsen &
Dolgov 2001). Dissipationless WDM simulations have shown that
fewer low-mass haloes form as a result thereby addressing the Miss-
ing Satellites problem independent of the details of galaxy forma-
tion models (Colı´n, Avila-Reese & Valenzuela 2000; Bode et al.
2001; Polisensky & Ricotti 2011; Lovell et al. 2012; Anderhalden
et al. 2013; Bozek et al. 2016; Horiuchi et al. 2016). WDM haloes
do not suffer from the TBTF problem to the same degree as they
form later with a reduced central density than CDM haloes of sim-
ilar masses (Lovell et al. 2012; Horiuchi et al. 2016; Lovell et al.
2017a). WDM haloes can also feature cored dark matter density
profiles (Tremaine & Gunn 1979; Dalcanton & Hogan 2001), but
the free-streaming scales of the models we consider here are not
expected to resolve the cusp-core problem (Villaescusa-Navarro &
Dalal 2011; Maccio` et al. 2012; Shao et al. 2013). For example,
a thermal WDM particle with mass, mthm = 2 keV is predicted to
produce a r ≈ 10 pc core in a 1010 M halo, which falls signifi-
cantly below the ∼100–1000 pc core size observationally inferred
for dwarf galaxies (Gilmore et al. 2007; Oh et al. 2011; Walker &
Pen˜arrubia 2011)
In this work, we consider a specific WDM particle model: a
resonantly-produced sterile neutrino (RPSN; Shi & Fuller 1999).
In addition to resolving small-scale issues, the RPSN model is
motivated as a potential source of the significant, but tentative, de-
tection of a 3.55 keV line in the X-ray flux observed in the centre
of the MW, M31, the Perseus cluster, and stacked observations of
other clusters (Boyarsky et al. 2014; Bulbul et al. 2014; Boyarsky
et al. 2015; Iakubovskyi 2016; Abazajian 2017). A RPSN with the
proper mixing angles and a mass of 7.1 keV can radiatively decay
into an active neutrino and a E = 3.55 keV photon (Shi & Fuller
1999; Abazajian 2014). While both the existence of the line and
its interpretation remain controversial, the possibility that the line
represents a detection of dark matter makes it a compelling and
intriguing signal. As detailed in Section 2, the parametrization of
the RPSN model we adopt is consistent with tentative detections
of this line in galaxy and galaxy cluster observations while also
providing the largest free-streaming effects allowable by observa-
tions of small-scale structure (Bose et al. 2016b; Bozek et al. 2016;
Horiuchi et al. 2016).
A key threshold for galaxy formation within the CDM paradigm
is a halo mass of 1010 M. This scale corresponds to the transition
between mass regimes where stellar feedback is effective (at higher
masses) to ineffective (at lower masses) in modifying haloes’ cen-
tral dark matter distributions (Governato et al. 2012; Di Cintio et al.
2014a; On˜orbe et al. 2015). Haloes at this mass are expected to be
susceptible to reionization-induced feedback that reduces their bary-
onic content and subsequently affects the star formation histories
(SFHs) of the central galaxies (Efstathiou 1992; Hoeft et al. 2006;
Okamoto, Gao & Theuns 2008; Noh & McQuinn 2014). Fitts et al.
(2017) studied a suite of haloes at this mass scale and demonstrated
the combination of stellar feedback and UV-suppression effects pro-
vides a diversity of SFHs that range from continuous star formation
to early self-quenching to haloes that do not form any stars by z =
0. Consistent with other studies (Di Cintio et al. 2014a; Chan et al.
2015; Tollet et al. 2016), they also identified a critical threshold in
the stellar mass-halo mass ratio of 2 × 10−4 for 1010 M haloes:
haloes above this threshold are able to significantly modify their
density profile, while haloes below are not. The resulting galaxies
are classical dwarf galaxy analogues with clear predictions for the
resolution of the TBTF and cusp-core problems within the CDM
paradigm.
Previous hydrodynamical simulations of dwarf galaxies in the
WDM paradigm have focused on haloes that are more massive, in
a different environment, or have been limited to a single Mhalo =
1010 M halo and therefore have not explored the range of SFHs
that are possible at this mass scale (Herpich et al. 2014; Colı´n
et al. 2015; Governato et al. 2015; Gonza´lez-Samaniego, Avila-
Reese & Colı´n 2016; Lovell et al. 2017b). Additionally, previous
works have used other galaxy formation prescriptions which can
result in different galaxy properties at this mass scale, as discussed
above for CDM. A goal of this paper is to explore that galaxy
formation threshold in a resonantly-produced sterile neutrino WDM
MNRAS 483, 4086–4099 (2019)
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model where the halo mass is also near the half-mode mass (see
Section 2) where free-streaming effects are significant. We seek
to answer several questions: How does the central density profile
respond when both stellar feedback and free-streaming effects are
prevalent? What happens to the SFHs in galaxies that sit at both dark
matter and galaxy formation thresholds? Can galaxy properties in
dwarf galaxies that reside in dark matter haloes where dark matter
effects are so prevalent be used to discriminate between dark matter
models?
To address these questions, we resimulate 8 of the 12 dwarf galax-
ies from Fitts et al. (2017) in a resonantly-produced sterile neutrino
cosmology in order to make a one-to-one comparison between CDM
and WDM effects in our simulations. All of our simulations use the
GIZMO code1 (Hopkins et al. 2014; Hopkins 2017) and the Feedback
in Realistic Environments (FIRE)-2 galaxy formation and feedback
model (Hopkins et al. 2018).2 We provide an overview of our simu-
lations and the sterile neutrino model in Section 2. In Section 3 we
present our results for the WDM halo properties and their central
galaxies in a WDM cosmology. We discuss these results in Section 4
and conclude in Section 5.
2 SI M U L AT I O N D E TA I L S A N D W D M
S T RU C T U R E F O R M AT I O N TH E O RY
In CDM, structure formation proceeds hierarchically: larger haloes
are built up through the merging of smaller dark matter haloes. As
a result of free-streaming effects, WDM structure formation may
proceed differently depending on the WDM model parametrization
and the halo mass scale under consideration (Barkana et al. 2001;
Bode et al. 2001; Smith & Markovic 2011; Schneider et al. 2012).
WDM models define two wavenumbers that are relevant for struc-
ture formation, the free-streaming scale (kfs) and the half-mode
scale (k1/2). Below the free-streaming scale, primordial perturba-
tions are erased by the time structure formation begins, wiping out
the seeds of low-mass dark matter haloes. The half-mode scale is
defined implicitly as Trel(k1/2) =
√
PWDM/PCDM = 0.5, where Trel
is the ‘relative’ transfer function that describes the suppression of
the WDM model relative to CDM. WDM haloes with masses above
the half-mode mass,
M1/2 = 4π3
(
π
k1/2
)3
ρ , (1)
build-up in a similar hierarchical fashion as in CDM (Smith &
Markovic 2011; Schneider et al. 2012). Below the half-mode mass
but above the free-streaming mass,
Mfs = 4π3
(
π
kfs
)3
ρ , (2)
free-streaming effects are significant and the mass assembly history
of WDM haloes may be far different than their CDM counterparts:
hierarchical formation may break down and WDM haloes may form
through monolithic collapse (Avila-Reese et al. 2001; Barkana et al.
2001; Bode et al. 2001; Smith & Markovic 2011; Angulo, Hahn &
Abel 2013; Schneider, Smith & Reed 2013)
This work considers sterile neutrinos that are resonantly produced
in the presence of a large lepton asymmetry (Shi & Fuller 1999); the
1A public version of GIZMO is available at http://www.tapir.caltech.edu/ph
opkins/Site/GIZMO.html
2FIRE project website: http://fire.northwestern.edu
resulting non-thermal momentum distribution depends on a com-
bination of the mixing angle between sterile and active neutrinos,
the cosmological lepton number, and the sterile neutrino mass. The
model parameter choices set the momentum distribution and defines
the shape of the ‘relative’ transfer function. We calculate the exact
transfer function using the formulation of Venumadhav et al. (2016)
for an mν = 7.1 keV sterile neutrino and model parameters that are
consistent with the observed 3.55 keV X-ray line. Our model choice
is then defined by a mixing angle of sin 2(2θ ) = 2.9 × 10−11 (here-
after, S229). As discussed in Bozek et al. (2016), the thermal root
mean square velocity of our model is a small fraction of the typical
Zel‘dovich velocities at the start of the simulation. As the contribu-
tion is negligible, we do not include the relic velocity distribution
of the WDM in the initial conditions of our simulations.
The S229 model is selected for free-streaming behaviour that
addresses both the Missing Satellites and TBTF problems while
remaining consistent with the current count of galaxies in the Local
Group (Bozek et al. 2016; Horiuchi et al. 2016). The TBTF problem
is not solved completely by the free-streaming component of the
model, which motivates studying this model in full hydrodynamical
simulations. The half-mode mass of the S229 model, M1/2 = 1.2 ×
109 M, is comparable with a thermal WDM model with mTHM =
2 keV, however the S229 model has a smaller free-streaming mass
of Mfs ∼ 2.5 × 105 M because of its ‘colder’ intrinsic velocity
(Venumadhav et al. 2016) distribution.3 Given that the final virial
mass of the haloes we consider here is only a factor of ∼10 larger
than the half-mode mass, the mass assembly histories of WDM
haloes will likely differ somewhat from their CDM counterparts: at
early times, the progenitor haloes will have low enough masses, free-
streaming effects are relevant (i.e.Mprog  M1/2; see Schneider et al.
2012). Previous studies of galaxy formation in comparable WDM
models found CDM and WDM galaxy properties to be similar
(Herpich et al. 2014; Colı´n et al. 2015; Lovell et al. 2017a). However,
those studies were in more massive haloes, different large-scale
environments, or focused on a single galaxy, motivating our study
using a suite of galaxies.
Numerical simulations of WDM models suffer from numeri-
cal artefacts induced by discreteness noise (Wang & White 2007);
this effect occurs on scales with essentially no power in the
initial conditions and is therefore limited to mass scales below
Mlim = 10.1 ρ¯ d k−2peak (Wang & White 2007). Our z = 0 haloes
should be insensitive to these numerical effects, as they have masses
significantly in excess of Mlim = 2.4 × 107 M in our simulations
(where we have followed Lovell et al. (2014) and multiplied the
Wang & White (2007) definition by κ = 0.5). We note that while
we do not remove artificial haloes from our analysis, contamination
from spurious haloes does not appear to impact the assembly his-
tories of our dark matter haloes or their central galaxies: the main
features of our WDM simulations track CDM histories, as detailed
below.
We selected eight haloes from the CDM simulation suite of Fitts
et al. (2017) to be resimulated in WDM; we simulated DMO and
hydrodynamical versions in each case. The haloes were selected
for zoom-in simulations from a parent box of L = 25 h−1 Mpc; the
targeted halo was required to be isolated from any more massive
halo by at least three virial radii (of the more massive halo), allowing
us to study the formation of the haloes and the galaxies independent
3We will refer to models with smaller (larger) free-streaming lengths relative
to S229 as ‘colder’ (‘warmer’) models
MNRAS 483, 4086–4099 (2019)
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of environmental effects. Additional details on halo selection can
be found in Fitts et al. (2017).
Our simulations use the FIRE-2 galaxy formation and feedback
model with identical physics and model parameters as those in Hop-
kins et al. (2018). We briefly summarize the FIRE-2 model here; a
more detailed description can be found in Hopkins et al. (2018). Gas
cooling is computed for ionized, atomic, and molecular gas from
T ∼ 10–1010K and includes metal-line cooling for 11 elements.
Heating and ionization is incorporated from (1) local stellar sources
and (2) a redshift-dependent, spatially uniform meta-galactic UV
background (updated from Faucher-Gigue`re et al. 2009).4 Star for-
mation proceeds in locally self-gravitating, dense, self-shielding
molecular, Jeans-unstable gas. Feedback sources have inputs taken
from stellar evolution models and include: SNe I and II, stellar
mass-loss from O/B-star and AGB-winds, and multi-wavelength
photo-heating and radiation pressure. The gas particle mass is
500 M and the dark matter particle mass is 2500 M, with phys-
ical force resolution of hb = 2 pc and DM = 35 pc. Simulations
are run in a WMAP7 cosmology: 	m = 0.266, σ8 = 0.801, 	 =
0.734, ns = 0.963, and h = 0.71 (Larson et al. 2011). Initial con-
ditions for the simulations are created with the MUSIC code (Hahn &
Abel 2011).
We use the Amiga Halo Finder (AHF; Knollmann & Knebe 2009)
to identify self-bound dark matter haloes. Following the analysis
outlined in Fitts et al. (2017), we use the iterative ‘shrinking spheres’
centring routine (Power et al. 2003) to identify halo centres. For
DMO simulations, we correct particle masses using mp → (1 −
fb) mp, where fb = 	b/	m is the cosmic baryon fraction, which
effectively mimics maximal baryonic mass-loss for DMO runs. All
virial quantities are defined according to Bryan & Norman (1998).
The virial overdensity relative to ρc is c = 96.5 for our chosen
cosmology. Consistent with Fitts et al. (2017), we define the stellar
mass of a galaxy as M(< 0.1 Rvir).
3 R ESULTS
3.1 WDM halo properties and assembly in DMO simulations
This section focuses on the assembly histories and halo properties
of WDM haloes in the DMO simulations. We will highlight how
WDM structure formation proceeds differently than in CDM and
identify dark matter halo features that will impact galaxy formation
when baryons are added later in the hydrodynamical runs. The
global properties of the WDM haloes are detailed in Table 1.
Fig. 1 shows the assembly histories of the WDM haloes (and
their CDM counterparts) in the DMO simulations. The WDM and
CDM haloes have similar final masses of M(z = 0) ≈ 1010 M, but
WDM haloes collapse later and the first haloes to form are much
more massive in WDM than in CDM. We define the collapse mass as
the halo mass at the snapshot time when the halo is first identified by
AHF as a bound object with a minimum of 200 dark matter particles,
corresponding to a mass above Mvir = 5 × 105 M. The collapse
masses of the WDM haloes all lie between the half-mode mass
and free-streaming mass of Mfs ∼ 2.5 × 105 M and M1/2 = 1.2 ×
109 M. The assembly histories of the WDM haloes quickly catch
up to their CDM counterparts by z ∼ 3–4 and subsequently track
the CDM halo growth. The inflection point in the assembly history
marks the end of the rapid collapse phase (Wechsler et al. 2002; Zhao
4This UV background model is available at http://galaxies.northwestern.ed
u/uvb
et al. 2003), which both WDM and CDM haloes exit at similar times
despite very different initial halo collapse times. The larger collapse
mass of the WDM halo allows for a rapid collapse period that is
shorter than in CDM. The colour of the curves in Fig. 1 correspond
to the stellar mass of the galaxy from the hydrodynamical simulation
of that halo (see Table 2). The DMO simulation halo masses at the
end of the rapid collapse phase (z ∼ 3–4) in both WDM and CDM
models are correlated with the stellar mass of the galaxies that will
form in those haloes in the hydrodynamical simulations.
Free-streaming smooths density fluctuations on small scales in
WDM, resulting in later collapse of WDM haloes when the back-
ground density of the Universe is lower; this results in a reduced
central density relative to CDM. The top panel of Fig. 2 shows
the density profiles of the WDM haloes at z = 0 for the DMO
simulations; the range of their CDM counterparts is shown in the
grey-shaded region. The overall reduction in the central density can
be seen in the shift of the WDM curves downward from the grey
band that extends out to r ∼ 20 kpc; the concentrations of the WDM
haloes are also reduced, as the peak of ρ r2 shifts to larger values
relative to the CDM case. The colour of the curves in Fig. 2 are
the same as in Fig. 1. The central density of the WDM haloes in
the DMO simulations are correlated with stellar mass of the galax-
ies that will form in the corresponding hydrodynamical simulation
haloes, as was shown in Fitts et al. (2017) for CDM. The denser
the WDM halo in the DMO simulation the larger the galaxy stellar
mass will be in a hydrodynamical simulation.
The ratio of the density profiles (WDM to CDM) is shown in the
bottom panel of Fig. 2. At r = 500 pc,5 the density ratio of WDM to
CDM haloes is 0.6–0.85, which is very similar to the value found by
Bozek et al. (2016) for field haloes at this mass scale in the vicinity
of a simulated Local Group analogue.
Moving out from the centre of the haloes, the density ratio remains
below 0.8 for the central few kiloparsecs and below unity out to
r ∼ 10–30 kpc from the halo centres. Most haloes have a relatively
constant WDM to CDM density ratio out to r ∼ 10 kpc. Halo m10m
is the one exception: it has a ratio that rises towards the centre at
r < 1 kpc, which is the result of a late-time minor merger in the
WDM run.
3.2 Dark matter halo – stellar mass connection
The previous section focused on the WDM halo properties from
DMO simulations. In this section, we consider the WDM haloes
from the hydrodynamical simulations to explore the connection
between the dark matter halo properties and the central galaxy stellar
mass. The global properties of our simulated galaxies, including the
central galaxy stellar mass, are listed in Table 2.
Fig. 3 shows the WDM and CDM haloes’ Vmax (as coloured
lines and a grey-shaded region, respectively) as a function of time
in the hydrodynamical simulations. The peak Vmax value for each
WDM halo is lower than its CDM counterpart, which corresponds
to the reduction of the central density of the WDM haloes shown
in Fig. 2 for the DMO simulations. The inflection point in the
evolution of Vmax with time between t = 1–4 Gyr (zf = 5.8–1.7)
5We make several comparisons of between WDM and CDM at r = 500 pc
throughout the paper. This value was chosen to represent a fixed point near
the centre of the halo that is close to the average half-light radius of galaxies
in WDM haloes and is roughly 2 rconv. The convergence radius for each
halo is determined by the Power et al. (2003) criterion. We select the largest
value of rconv,max = 265 pc as the minimum radius for all haloes.
MNRAS 483, 4086–4099 (2019)
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Table 1. Global properties of WDM haloes at z = 0, including comparisons with their CDM counterparts, for the hydrodynamical simulations. Column 1:
Halo name; Column 2: maximum amplitude of rotation curve; Column 3: virial mass; Column 4: formation redshift; Column 5: WDM–CDM virial mass ratio;
Column 6: WDM–CDM central density ratio; Column 7: Einasto concentration parameter for WDM haloes; Column 8: Einasto concentration parameter for
CDM haloes.
Halo Vmax [km s−1] Mvir [1010 M] zf Mvir,WDM/Mvir,CDM ρWDM/ρCDM(500 pc) cEin,WDM cEin,CDM
m10b 27.59 0.74 1.24 0.81 0.56 9.6 13.7
m10c 26.36 0.67 2.89 0.77 0.80 9.4 10.9
m10d 28.40 0.70 5.37 0.84 0.68 11.7 14.3
m10e 28.23 0.85 2.12 0.85 0.79 8.0 9.4
m10f 31.23 0.76 5.37 0.90 0.54 11.4 17.0
m10h 35.34 1.10 4.16 0.88 0.77 12.5 14.4
m10k 36.12 1.10 3.77 0.97 0.92 11.4 12.6
m10m 35.73 1.08 5.59 0.96 0.94 13.6 15.2
Figure 1. The assembly history of the WDM haloes (curves) in the DMO
simulations. The range of assembly histories for the CDM counterparts of
the WDM haloes are shown by the grey band. WDM haloes collapse later
and collapse with a larger mass than their CDM counterparts. The colour of
the curves corresponds to the z = 0 stellar mass of the galaxy that resides
in each halo in the corresponding hydrodynamical simulations (described
further in Section 3.2). M(z = 0) is correlated with the halo mass at the end
of the rapid collapse phase.
marks the point where the central halo potential, as measured by
Vmax, is set. Beyond this point, Vmax is relatively constant for each
halo, indicating that subsequent mass accretion does not add to
the central gravitational potential. The inflection point in Vmax also
coincides with the end of the rapid collapse phase of the halo’s
mass assembly history as shown in Fig. 1 for the DMO simulations.
The WDM haloes are therefore being built up inside-out, similar to
CDM haloes (Diemand, Kuhlen & Madau 2007), where the inner
halo forms first during the rapid collapse phase and the outer layers
are added as the halo accretes additional mass. This indicates that
WDM haloes are growing hierarchically at this mass scale, albeit
with a near monolithic inner halo assembly history that differs from
CDM.
The colour of the curves in Fig. 3 are the same as in the previous
two figures. As was shown by Fitts et al. (2017) for CDM, the
peak Vmax value for each WDM halo is correlated with M(z = 0)
of each galaxy. One halo, m10b (black curves in Figs 1–3), does
not form any stars. The right y-axis of Fig. 3 shows the equivalent
virial temperature, defined as kTvir = 0.5 μmpV 2max (where μ =
0.59 for primordial ionized gas and mp is the proton mass), of Halo
m10b is below the temperature of reionization heated intergalactic
gas (T ≈ 2 × 104 K) for most of its assembly history preventing
the onset of star formation. The SFHs of the WDM galaxies are
discussed in detail in Section 3.3.
Fig. 4 shows the relationship between the formation time of the
WDM and CDM haloes and the maximum circular velocity at that
time. We define the formation time of the halo as the cosmic time
where the Vmax function initially reaches a value of 0.85 Vmax(z =
0). This choice most accurately selects the critical point in the
halo’s assembly history where the central halo potential is set. This
definition of formation time is similar to that in Diemand et al.
(2007); however, our definition is based on the value of Vmax today
instead of the peak value over all time. There are multiple reasons
for making this choice. Several haloes in our simulations feature
recent mergers that result in temporary spikes in the Vmax function,
as can be seen in Fig. 3, which would artificially shift formation
times to later times if the peak Vmax value was used. Additionally, the
haloes in our simulations are isolated and not subject to the same
late-time environmental effects of Diemand et al. (2007). Other
choices for defining the formation time in the literature that are
based on a fraction of the halo’s final Mvir (Wechsler et al. 2002;
Gao, Springel & White 2005) are less appropriate here, as they
occur after the physical mass assembly of the halo (Diemand et al.
2007).
The Vmax value of a WDM halo at the time of formation correlates
strongly with the stellar mass of the galaxy at redshift zero, M(z =
0), as shown in the left-hand panel of Fig. 4. The WDM haloes
follow a similar Vmax(zf)–M(z = 0) relation as the CDM haloes;
the decrease in the stellar mass of the galaxies in WDM haloes is in
proportion to the reduction in the Vmax(zf). The dashed grey curve
in Fig. 4 shows the fit to the Vmax(zf)–M(z = 0) relation for both
WDM and CDM haloes
Vmax(zf ) = 27.5 km s−1
(
M(z = 0)
106 M
)0.065
. (3)
The depth of the central WDM halo potential that is set at the end
of the rapid collapse phase determines the final stellar mass of the
galaxy, as was found to be the case in CDM by Fitts et al. (2017).
The left-hand panel of Fig. 4 shows that the relation between
Vmax(zf) and M(z = 0) holds across WDM and CDM haloes, which
is a result of the similar degree of central density suppression in each
WDM halo, as shown in the bottom panel of Fig. 2. Each WDM
halo features a ∼30 per cent density reduction in the inner 1 kpc
relative to CDM independent of the overall density of the CDM
MNRAS 483, 4086–4099 (2019)
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/article-abstract/483/3/4086/5240588 by U
niversity of Zurich user on 13 February 2020
Sterile neutrino dark matter on FIRE 4091
Table 2. Global properties of WDM galaxies at z = 0, including comparisons with their CDM counterparts, for
hydrodynamical simulations. Column 1: Halo name; Column 2: Stellar mass of central galaxy [defined asM(< 0.1 rvir)];
Column 3: WDM–CDM stellar mass ratio; Column 4: Gas mass within rvir; Column 5: Cold H I gas (T < 104 K) within
0.1 rvir (the mass fraction of H2 is negligible if present); Column 6: 3D stellar half-mass radii; Column 7: Star formation
rate of central galaxy in last 1 Gyr within 0.1 rvir.
Halo M M,WDM/M,CDM Mgas MH I,cold r1/2 SFR(t < 1 Gyr)
[106 M] [107 M] [107 M] [kpc] [10−5 M yr−1]
m10b – – 11.62 0.07 – –
m10c 0.02 0.03 10.98 0.08 0.14 0.70
m10d 0.38 0.25 9.18 0.24 0.38 0.89
m10e 0.29 0.15 17.86 1.27 0.34 12.1
m10f 2.76 0.67 11.21 0.78 0.72 5.33
m10h 2.73 0.35 18.91 1.17 0.65 17.8
m10k 4.10 0.39 19.20 0.76 0.81 11.0
m10m 2.22 0.15 9.81 0.0 0.77 0.0
halo. Combined with a slight decrease in the halo concentration,
this effect results in a ∼10 per cent reduction in the WDM halo’s
Vmax relative to CDM and fits the predicted Vmax,WDM–Vmax,CDM
scaling from Bozek et al. (2016). The Vmax(zf)–M(z = 0) and
Vmax,WDM–Vmax,CDM relations could, in principle, be used to predict
the WDM halo stellar mass from corresponding CDM simulations.
We note that the Vmax(zf)–M(z = 0) relation has been determined
for haloes at 1010 M and may not hold at higher masses. Another
caveat to this prescription are cases such as Halo m10b that does not
form stars in WDM. We explore WDM galaxy formation histories
in the following sections.
Fig. 5 shows the line-of-sight velocity dispersion of stars within
the stellar half-mass radius in the simulated WDM and CDM galax-
ies. The line-of-sight velocities are determined by randomly dis-
tributing 100 virtual observers around each galaxy and measuring
each star’s velocity along each observer’s line of sight. The mea-
sured velocity dispersions of isolated and Milky Way dwarf galaxies
from Kirby et al. (2014) are also shown in Fig. 5. The kinematic
properties of our simulated dwarf galaxies in both WDM and CDM
agree well with the range of velocity dispersions observed in nearby
dwarf galaxies. The agreement between observed and simulated
dwarf galaxy kinematic properties indicates that Vmax(zf)–M(z =
0) relation for simulated galaxies should also hold for Local Group
dwarfs.
3.3 Galaxy properties in WDM
Some properties of the WDM galaxies, including gas and stellar
content, are listed in Table 2. Many of these are broadly consistent
with their CDM counterparts; certain properties can differ notably,
however, and these cases are discussed below. The WDM galaxies
simulated here are all dispersion-supported with no appreciable
rotation, similar to FIRE-2 galaxies at this mass scale simulated in
CDM and consistent with observations (Fitts et al. 2017; Wheeler
et al. 2017)
The left-hand panel in Fig. 6 shows the stellar mass growth histo-
ries of the galaxies residing in the main progenitor branches of the
WDM haloes. The stellar mass growth histories are varied in detail
and span a wider range of assembly tracks than their CDM counter-
parts, as can be seen by comparing the coloured lines (WDM) to the
grey band. In the previous section, we established the halo’s Vmax at
the time of formation as the main determinant of M. Dividing the
WDM galaxies into two groups, high stellar mass (M ≥ 106 M)
and low stellar mass (M < 106 M), we see that the high stellar
mass galaxies all have a Vmax(zf ) > 25 km s−1 while lower Vmax(zf)
haloes form significantly fewer stars or do not form stars at all.
Generally, the high M galaxies of our suite reside in haloes
that collapse earlier (zc > 6), have earlier formation times (zf >
3.5), and begin to form stars early on in their assembly history
(z,i > 4). Earlier formation allows this subset of WDM haloes
to build a reservoir of gas that can drive sustained star formation.
However, these parameters are not exactly correlated with the final
stellar mass of the galaxy. For example, the most massive WDM
galaxy (Halo m10k) collapses last, has the latest formation time,
and does not begin to form stars until z ∼ 4.5 (last amongst the
larger stellar mass galaxy group). The onset of star formation in
Halo m10k begins even later than in Halo m10d (z ∼ 7), which
forms one-tenth as many stars.
The right-hand panel of Fig. 6 shows the SFHs as they would be
constructed observationally via the method of ‘stellar archaeology’.
Archaeological SFHs are constructed by determining the fraction
of stars present in the halo at z = 0 that were formed at an earlier
time. Qualitatively, the SFHs of the massive WDM galaxies (as well
as Halo m10d from the low-mass group) are comparable with those
of CDM galaxies in Fitts et al. (2017, shown in grey in the right-
hand panel of Fig. 6) and observed dwarf galaxies in the field (Cole
et al. 2014; Skillman et al. 2014), demonstrating either sustained
star formation over their lifetimes or quenching following an early
period of star formation. The WDM galaxies that are actively star
forming (see Table 2) have specific star formation rates that range
from 10−10.7 to 10−9.4 yr−1, consistent with our simulated CDM
galaxies.
However, the SFHs of individual haloes in CDM and WDM can
be very different. For example, in WDM, Halo m10m has a strong
feedback event at z ∼ 3 that drives out all cold interstellar medium
(ISM) gas, heats the circumgalactic medium6 to temperatures above
the halo virial temperature, and prevents gas cooling on to the galaxy
until z ∼ 0. In CDM, Halo m10m does not quench, but instead has
a steady growth over its lifetime and is the most massive galaxy
in our CDM galaxy sample. Stemming from the delay in WDM
structure formation, the start of star formation for all our WDM
galaxies is delayed relative to CDM, as was noted by Governato
et al. (2015) for a halo at this mass scale simulated with a different
set of galaxy formation models. We find that the delay in the onset
6We define the ISM to be the gas with r ≤ 0.1Rvir and the circumgalactic
medium to be gas with rISM < r ≤ Rvir.
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Figure 2. Top Panel: The density profiles of the WDM haloes (coloured
curves) from the DMO simulations and their CDM (DMO) counterparts
(grey band). The line colours are the same as in Fig. 1. The downward
shift of the curves relative to the grey band indicates the WDM haloes are
less dense than their CDM counterparts out to 10 kpc, where the curves
and grey band overlap. To first order, the stellar mass of the galaxy at z =
0 correlates with the central density of the halo, i.e. denser DMO haloes
have brighter galaxies in their hydrodynamical counterparts. Bottom Panel:
The ratio of WDM to CDM density profiles from the top panel. There is a
15–40 per cent reduction in the central density of WDM haloes relative to
CDM at 500 pc (dashed vertical line) and the ratios remain below 0.8 out to
a few kpc for all WDM haloes; since the figure compares DMO profiles, this
reduction is entirely attributable to the effects of free-streaming in WDM.
The up-sloping density profile ratio for r < 1 kpc for Halo m10m is likely
due to a late merger. The degree of the WDM halo density reduction in
DMO simulations is independent of the halo’s central density.
of star formation is often as short as ∼0.5 Gyr in our simulations;
Governato et al. (2015) found a 1–2 Gyr delay in their WDM
simulation, consistent with the range of delays found in our suite.
The galaxies in the low M group are strongly affected by reion-
ization and stellar feedback and form the majority of their stars very
Figure 3. Vmax as a function of time for the WDM haloes (curves) and
their CDM counterparts (grey band) for the hydrodynamical simulations.
The equivalent virial temperature, Tvir, is given on the right axis. Following
the period of rapid collapse, the peak Vmax sets in at tf ∼ 1–4 Gyr (zf =
5.8–1.7) and remains mostly constant to z = 0, with the exception of a
late-time major merger for Halo m10b (black). The line colour is the same
as in previous figures and indicates that M(z = 0) is closely connected
with the dark matter halo central potential as measured by Vmax(zf). Halo
m10b forms no stars, as it has a Tvir < 2 × 104 K for most of its history. The
central potential in WDM is reduced relative to CDM in each case.
early or very late (or not at all). The collapse time, formation time,
and subsequently the onset of star formation, strongly affect the
diversity of SFHs in low M galaxies shown in Fig. 6. For example,
Halo m10d is one of the earliest collapsing haloes in WDM that has
an early onset of star formation before quenching; its SFH in WDM
qualitatively resembles the CDM version, where it forms all of its
stars prior to z = 5 and remains quenched until z = 0. In WDM,
however, the quenching is transient: it forms over 80 per cent of
its stars before quenching at z ∼ 3 and subsequently restarting star
formation at z ∼ 0.5. The quenching event of WDM Halo m10d is
less extreme than in CDM (or compared with WDM Halo m10m)
owing to a smaller initial star formation rate that produces less en-
ergetic feedback. Unlike Halo m10m, Halo m10d is immediately
able to re-accrete warm gas (defined here as 104 K < T < 105 K),
allowing sufficient time to restart star formation by z = 0.5.
The SFHs of the three remaining WDM haloes (Halo m10b,
m10c, and m10e) are significantly different than their CDM coun-
terparts; Halo m10b is an extreme example, as it does not form any
stars in WDM by z = 0. Reionization heating suppresses additional
accretion of intergalactic gas for Haloes m10b and m10c in WDM
until z ∼ 2, when the UV background weakens. Halo M10c has a
virial temperature at zf that is slightly larger than the temperature
to which reionization heats intergalactic gas (T ≈ 2 × 104 K), re-
sulting in an appreciable reservoir of gas following halo collapse
and the ability to accrete gas after z ∼ 2. Halo m10b, on the other
hand, has Tvir < 2 × 104 K for most of its assembly history; it is
only at z ∼ 0.5, when it experiences a major merger, that it is able
to accrete additional warm gas that begins cooling at z ∼ 0.2. With
this late-time build-up of cold gas, there is the possibility that Halo
m10b will form stars in the future. In the CDM simulation, Halo
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Figure 4. Left-hand Panel: Vmax(zf) at the time of halo formation correlates with the stellar mass of the galaxy at z = 0. WDM and CDM halo counterparts
are connected by black segments. WDM haloes (circles) have a smaller Vmax(zf) than their CDM counterparts (squares) and, as a result, a lower stellar mass
that moves the galaxy along the Vmax(zf)–M(z = 0) relation. The three Vmax(zf)–M(z = 0) fits shown for WDM haloes only (dashed orange), CDM haloes
only (dashed yellow), and WDM and CDM haloes together (dashed grey) are similar. Right-hand Panel: The Vmax(zf) as a function of formation time. Haloes
form later and with a Vmax that is reduced by ∼10 per cent in WDM relative to CDM. Vmax(zf) and zf are not strongly correlated. The colour scheme is the
same as is used in previous figures.
Figure 5. The stellar line-of-sight velocity dispersion at the 3D stellar half-
mass radius for the simulated WDM (circles) and CDM (square) galaxies.
The error bars mark the 16th and 84th percentiles. The stellar line-of-sight
velocities are determined by randomly distributing 100 virtual observers
around each simulated galaxy. The solid (open) black points are the measured
velocity dispersions at the 3D de-projected half-light radii of the isolated
(Milky Way) dwarf galaxies from Kirby et al. (2014). The simulated dwarf
galaxies lie within the range of observed galaxy properties.
m10b has a qualitatively similar halo assembly history, but a larger
Vmax at all times, resulting in multiple star formation episodes and
multiple galaxy mergers (Fitts et al. 2018). In the larger CDM halo
suite of Fitts et al. (2017), there is one halo (m10a) that does not
form any stars; that halo has a similarly suppressed Tvir(z) as the
WDM version Halo m10b. A major difference between the ‘dark’
halo in CDM and WDM is the absence of cold gas in the CDM case
compared to a significant amount of cold gas in WDM.
Finally, we consider Halo m10e, which has a larger gas mass
at collapse than Halo m10b and Halo m10c (see Table 2) despite
having an early Vmax(z) evolutionary track that is similar to Halo
m10b. As a result, it has an initial burst of star formation immedi-
ately following the rapid collapse phase. A merger at z ∼ 2 raises
the halo’s Vmax above the threshold for late-time gas accretion de-
scribed above, which drives the halo’s late star formation epoch. To
summarize, all WDM haloes are able to bind warm gas and even-
tually build sufficient gas densities that enables cooling processes.
Earlier collapse more readily allows for the onset of star formation
depending on the depth of the central potential and how rapidly the
central potential forms.
The right-hand panel of Fig. 6 shows the unique SFHs of WDM
Halo m10c and Halo m10e, which build-up the majority of their
stellar mass after z ∼ 1. Leo A is the one observed galaxy with
a similar SFH featuring a significant late build-up of stellar mass
(Cole et al. 2007). However, Leo A has a larger final stellar mass
and a non-zero mass fraction of old stars (Cole et al. 2014), both
of which clearly distinguish it from the properties of Halo m10c
and Halo m10e. Simulations within the CDM paradigm are able to
produce strongly delayed SFHs similar to WDM Haloes m10c and
m10e (Ricotti 2009; Shen et al. 2014; Fitts et al. 2017; Wright et al.
2019) but with ancient star formation that better matches Leo A. It is
not clear if star formation can be prevented altogether at early times
at this mass scale in CDM. The existence of a population of young,
gas-rich, actively star-forming ultrafaint dwarfs, including extreme
cases like Halo m10c which does not have any stars older than 2 Gyr,
makes for a strong prediction of WDM dwarf galaxy formation.
Other WDM galaxy properties follow CDM galaxy scaling re-
lations. Fig. 7 shows the relationship between the stellar half-
mass radius of the galaxy, r1/2, and the total stellar mass. WDM
galaxies are smaller and less massive, but lie along a similar
M–r1/2 relation as their CDM counterparts. For WDM the
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Figure 6. Left-hand Panel: The stellar mass assembly histories of the galaxies in WDM haloes (curves) and their CDM counterparts (grey band). The onset
of star formation in WDM galaxies is delayed relative to CDM and the z = 0 stellar masses are reduced. Right-hand panel: The cumulative SFHs of the WDM
galaxies (coloured curves) measured in an ‘archaeological’ manner (by measuring the birth times of stars in the galaxy at z = 0). Many of the galaxies have
SFHs that are very similar to their CDM counterparts (grey curves), which themselves agree well with observations (Fitts et al. 2017). Two WDM galaxies
experience prolonged quenching events. The two least massive galaxies form over 90 per cent of stars after z = 1; none of the CDM galaxies exhibit this
behaviour.
Figure 7. The relationship between the stellar half-mass radius and the
stellar mass for the WDM and CDM galaxies at z = 0. While the WDM
haloes (circles) form fewer stars than their CDM counterparts (squares), the
resulting galaxies lie on the same r1/2–M relationship. This relationship is
also obeyed by self-interacting dark matter simulations of the same haloes
as described in Robles et al. (2017) and shown in cyan.
relation is given by rhalf = 0.51 kpc (M/106 M)0.365. The M–r1/2
relationship is also very similar self-interacting dark matter (Robles
et al. 2017), as is shown in Fig. 7. However, the shapes of the WDM
galaxies and their dark matter haloes are triaxial with a similar distri-
bution of axis ratios as their CDM counterparts, which differentiates
them from SIDM haloes and galaxies (Robles et al. 2017).
3.4 Feedback effects on WDM halo structure
In this section, we evaluate the impact of stellar feedback on the
structure of dark matter haloes. The left-hand panel of Fig. 8
shows the ratio of the density profiles of the WDM haloes from
the hydrodynamical simulations compared with density profiles
from the DMO simulations. The central density of many WDM
haloes in the hydrodynamical simulations are reduced relative to
DMO by as much as 45 per cent near the convergence radius of
rconv,max = 265 pc. As found for Mvir ≈ 1010 M haloes in CDM
(Fitts et al. 2017), the degree of reduction on the central density
profile of WDM haloes roughly correlates with the stellar mass,
where low-mass galaxies have little to no effect on their haloes and
more massive galaxies show significant central density reductions.
This trend and the overall spread in the WDM density profile ratio
follows the behaviour of CDM haloes, as indicated by the grey band
in the left-hand panel of Fig. 8.
The effects of feedback on the density structure of a galaxy’s
host halo also depends on the galaxy’s SFH. For example, Halo
m10m and Halo m10e have similar density ratios (between hy-
dro and DMO in the WDM simulation) at r = 500 pc even though
Halo m10m hosts a galaxy with 10 times the stellar mass of Halo
m10e. At r = 265 pc, Halo m10e has an additional ∼15 per cent
density reduction compared to Halo m10m. The difference in cen-
tral density profiles of these two haloes can be traced to the very
recent star formation of Halo m10e, which forms all of its stars
after z = 1, while Halo m10m self-quenches at early times; this is
consistent with the idea that late-time star formation is important
for modifying dark matter halo density profiles (On˜orbe et al. 2015;
Gonza´lez-Samaniego et al. 2016; Read et al. 2016). Merger his-
tories can also play a significant role in determining the central
density profiles in the hydrodynamical simulations. For example,
Halo m10h hosts one of the more massive WDM galaxies and has a
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Figure 8. Left-hand Panel: The density profile ratios of haloes in the hydrodynamical simulations compared to DMO simulations; line styles are the same as
in previous figures. To first order, the stellar mass of the galaxy in WDM and CDM is correlated with the suppression of the central dark matter density from
stellar feedback effects. Halo m10h, Halo m10m, and Halo m10e illustrate the second order-effects that require slightly more complicated interpretations. Halo
m10h is undergoing a recent merger that raises the density ratio to ∼1 at r = 500 pc while maintaining the central density reduction at r < 500 pc. Halo m10m
(hosting a more massive galaxy) quenches early (z ∼ 3) and has a similar density ratio at r = 500 pc as Halo m10e (which hosts a less massive galaxy), which
has formed nearly all of its stars since z ∼ 1. Right-hand Panel: Ratio of density profiles between WDM and CDM haloes from hydrodynamical simulations.
There are two galaxies where the CDM halo is less dense than in WDM inside r ∼ 400 pc (near the numerical convergence radius). All other haloes are less
centrally dense in WDM independent of the stellar mass of the galaxy. The dashed vertical line in each panel marks 500 pc; trends in the density at this scale
are investigated in Fig. 9.
25 per cent density reduction at r = 265 pc, similar to other massive
galaxies. However, owing to an ongoing merger of a less massive
halo, the density ratio (again, between the hydrodynamic and DMO
runs in WDM) at r ∼ 500 pc is close to unity.
The ratio of density profiles between WDM and CDM from
hydrodynamical simulations is shown in the right-hand panel of the
Fig. 8. At r = 500 pc, all WDM haloes are less dense than their
CDM counterparts, and they remain less dense out to r  10 kpc.
There is no correlation between WDM galaxy stellar mass and the
degree of WDM halo central density reduction relative to CDM,
as indicated by comparing the colour of the curves in Fig. 8 to the
density ratio within the central kpc. For example, Halo m10b has
one of the larger central density reductions in WDM relative to
CDM in the hydrodynamic simulation even though it does not form
any stars in WDM, while Halo m10f hosts one of the more massive
WDM galaxies yet has a similar central density profile ratio. Haloes
m10k and m10m host the two most massive galaxies in CDM and
have density ratios ρWDM/ρCDM > 1 in the inner r = 400 pc. These
two galaxies have significantly more stellar mass in CDM than in
WDM, which results in a greater central density reduction at these
radii in CDM. As this is near the convergence radius of our haloes,
we restrict further analysis to r = 500 pc, where our results are
more robust.
Fig. 9 summarizes the effects of the intrinsic reduction to the
central density profiles of WDM haloes originating from the de-
lay in halo formation (i.e. coming from the free-streaming length)
compared with the effects of feedback in both CDM and WDM
hydrodynamical simulations. While galaxies in WDM haloes are
less massive and experience fewer significant feedback events than
in CDM, the combination of late collapse and baryonic processes
leave WDM haloes less dense at r = 500 pc in all cases. The two
Figure 9. The central density ratio of WDM to CDM in DMO (circles) and
hydrodynamical (squares) simulations as a function of the density at 500 pc
in CDM simulation (DMO or hydrodynamical, as appropriate). The WDM
haloes are less centrally dense than CDM (at 500 pc) in both types of simu-
lation. In hydrodynamical simulations, the two most massive CDM galaxies
have density reductions that bring them in close agreement with WDM. In
nearly all haloes, stellar feedback processes are more effective in modify-
ing the central dark matter density in CDM than in WDM, which raises
the WDM to CDM density ratio for hydrodynamical simulations compared
with DMO simulations (in which free-streaming suppresses WDM relative
to CDM).
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most massive galaxies in our CDM suite have central dark mat-
ter halo densities that only exceed their WDM counterparts by
∼5–10 per cent; all other haloes remain ∼20–45 per cent less cen-
trally dense in WDM relative to CDM. The Einasto (1965) concen-
tration parameters for the WDM haloes are also smaller than the
CDM haloes (see Table 1).
It is difficult to predict a priori whether feedback generally will be
more effective at modifying the central density of a CDM halo or its
WDM counterpart. On the one hand, the CDM galaxies are typically
more massive, meaning they have a larger amount of feedback
energy available. On the other hand, WDM haloes form with a
reduced central density from free-streaming effects, so it might be
possible that even diminished feedback input could have a large
effect. In most of our simulated haloes, stellar feedback processes
are more effective at modifying the central dark matter density in
CDM than they are in WDM (as found in Governato et al. 2015),
which raises the ratio of WDM central density relative to CDM
in Fig. 9. It therefore appears that the reduced densities of WDM
haloes coming from free-streaming do not generally make these
haloes more susceptible to further density reduction from stellar
feedback.
However, this is not always the case. In three haloes (Halo m10b,
Halo m10d, and Halo m10f), the ratio decreases or remains flat for
differing reasons. Halo m10b has a smaller ratio in the hydrody-
namic simulations compared with DMO because the CDM halo in
the hydro simulation is denser than it is in DMO, while the central
density in the WDM DMO and hydro simulations are identical. The
density ratio for Halo m10d is nearly flat; this is because the reduc-
tion in the central density profile by stellar feedback is comparable
in WDM and CDM (despite the smaller stellar mass and abbreviated
SFH in WDM). Halo m10f is the one WDM halo where feedback
effects are more effective at reducing the central density profile in
WDM than in CDM. The extra reduction is modest (∼10 per cent);
however, this shows that it is possible to see a larger modification
of the density profile in WDM relative to CDM in some cases (as
found in Gonza´lez-Samaniego et al. 2016, hereafter GS16). Of all
the haloes in our suite, Halo m10f has the most similar stellar mass
and average star formation rate in both WDM and CDM cosmolo-
gies, which may account for the effectiveness of stellar feedback in
modifying its central density in WDM.
4 D ISCUSSION
4.1 Predicting trends with WDM halo mass and WDM model
parameters
A central motivation of this work is to understand the degree to
which the combination of stellar feedback effects and dark matter
physics modifies the dark matter distribution in WDM haloes rel-
ative to CDM haloes. We have shown that these combined effects
make WDM haloes less centrally dense than their CDM counter-
parts. In this section, we consider extrapolation of those results to
different WDM models and different halo masses, as results of the
previous sections are specific to Mvir(z = 0) = 1010 M halo mass
scale in our simulation suite and the free-streaming scale of the
S229 resonantly-produced sterile neutrino WDM model.
Assembly histories of a Mhalo = 1010 M in a colder model (e.g.
the S220 resonantly-produced sterile neutrino WDM model with
M1/2 = 3.1 × 108 M that is discussed in Bozek et al. 2016) would
approach CDM assembly histories. S220 dark matter haloes would
collapse earlier and form with a larger central density (or equiva-
lently larger Vmax(zf)) than the S229 model haloes but with a lower
central density than CDM. Given that the slope of the Vmax(zf)–
M(z = 0) in the left-hand panel of Fig. 4 is similar for CDM and
S229, a colder model should follow the same trend with points
falling between the S229 and CDM values. The central galaxies
would have larger stellar masses, and consequently provide more
energy from stellar feedback, but would form initially in a denser
dark matter halo than in our WDM case.
An interesting topic for future work is to determine whether the
greater amount of stellar feedback in a denser Mhalo = 1010 M
halo of a colder WDM model will prove more or less efficient at
modifying the central dark matter density and result in a smaller or
larger ρWDM/ρCDM(r = 500 pc) ratio. However, we note that Fig. 9
shows that several of our WDM haloes are able to match or exceed
the overall reduction in central density compared with CDM despite
having smaller stellar masses. It is plausible that there may be
a WDM model parametrization (between S229 and CDM) with
a maximal reduction in the density profile relative to CDM that
exceeds what we find in the right-hand panel of Fig. 8.
While only one ultrafaint dwarf (M  105 M) in our WDM
simulations is formed with a small fraction of ancient (pre-
reionization) stars, our results do not preclude the possibility that the
S229 WDM model studied here can produce significant numbers
of ultrafaint dwarfs with predominantly ancient stellar populations.
However, the delay in formation time for the S229 model will limit
the fraction of WDM haloes at this mass that will collapse early
enough to form old stars (see also Governato et al. 2015). Lower-
mass haloes will suffer a longer delay in forming (Bose et al. 2016a),
leaving only higher-mass WDM haloes that quench early in their
assembly history (similar to CDM models) to additionally host old
ultrafaint dwarfs in WDM.
It is difficult to cleanly extrapolate from our results, which are
based on galaxies forming in isolated environments, to counts of
galaxies in and around the Local Group, where the large-scale over-
density may lead to earlier collapse times and earlier star formation.
However, a direct comparison with subahlo Vmax functions of Local
Group analogues does point to difficulties in matching ultrafaint
counts in the S229 WDM model if ultrafaints are all predominantly
old. Cooler WDM models will have larger fractions of old stellar
populations and may not have a similar limitation in their assem-
bly histories. Colder models are also likely to have a population of
dark (starless) haloes, similar to CDM (Sawala et al. 2013; Benı´tez-
Llambay et al. 2017; Fitts et al. 2017).
4.2 Implications for reionization in WDM
Half of the WDM dwarf galaxies simulated here do not form any
stars before the end of the reionization epoch (z = 6). The galaxies
that do form stars prior to z = 6 have no star formation prior to
z = 7, however, so they contribute minimally to the ionizing photon
background. Their CDM counterparts all form a significant mass
of stars prior to the end of the reionization era. The brightest CDM
galaxies in our suite have M ∼ 106 M at z = 6. Extrapolating the
stellar mass–UV luminosity relation from Ma et al. (2018), these
galaxies will have a UV luminosity of MUV ∼ −12.
In the CDM paradigm, these galaxies make-up a significant
fraction of the galaxy population that drives cosmic reionization
(e.g. Livermore, Finkelstein & Lotz 2017 and references therein).
The galaxy population that sources reionization in WDM is more
uncertain. Semi-analytic modelling and abundance matching tech-
niques applied to large-volume cosmological simulations adopting
WDM models of comparable warmth to the S229 model demon-
strate that reionization can be completed by z = 6 while matching
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constraints on the epoch of reionization from Planck (Schultz et al.
2014; Bose et al. 2016b). However, the abundance of low-mass
haloes at high redshift in WDM models is significantly reduced.
For example, the S229 model only has about 40 per cent as many
haloes with Vmax(z = 6) ∼ 35 km s−1 relative to CDM (Bozek et al.
2016).
As a result, galaxies in more massive haloes must drive reion-
ization in the WDM paradigm, possibly with a different SFH and
ionizing budget than what is predicted for CDM (Bozek et al. 2015;
Bose et al. 2016b; Villanueva-Domingo, Gnedin & Mena 2018). Al-
ternatively, other sources such as quasars could be a more important
contributor in WDM cosmologies. Including additional sources or
considering a different UV background (either in intensity or time)
than the one used here could possibly further suppress the late-time
SFHs of the low-mass galaxies. Future probes of reionization and
counts of galaxies at high redshift provide an important opportunity
to constrain WDM models.
4.3 Predicted galaxy populations in WDM
There are features in the galaxy populations that can be used
to distinguish between dark matter models. Prior to z = 7, the
Mhalo ≈ 1010 M haloes simulated in WDM do not form stars.7
This implies that it is difficult for this WDM model to account for
observations of ultrafaint galaxies in the Milky Way that quench
early and have a population entirely made up of old stars (Brown
et al. 2014; Weisz et al. 2014).8 Extrapolating the stellar mass–
halo mass relation informed by simulations in the CDM paradigm,
ultrafaint galaxies are expected to be hosted in Mhalo ≈ 109 M
haloes (Moster, Naab & White 2013; Munshi et al. 2013, 2017).
As discussed above, isolated ultrafaint galaxies with a significant
fraction of stars formed prior to the end of reionization might be
hosted by WDM haloes with a range of halo masses, including
larger masses (Mhalo > 1010 M) than the haloes simulated here.
This would introduce significant scatter in the low-mass end of the
stellar mass–halo mass relation, which has also been proposed in
CDM cosmologies (Garrison-Kimmel et al. 2017a).
With a fixed number of 1010 M WDM haloes and a different
stellar mass–halo mass relation than in CDM, the faint-end slope
of a WDM stellar mass function of field galaxies would be flatter
than would be naively expected from halo counts alone predicted
by DMO simulations in CDM (Bozek et al. 2016). Counts of faint
galaxies detected in future imaging and H I surveys are therefore
likely to provide strong constraints on WDM models.
A unique prediction of our suite of WDM galaxies is a population
of ultrafaint dwarf galaxies that are extremely young, forming over
80 per cent of their stars in the last 4 Gyr. These galaxies are gas-rich
and actively star forming at z = 0. Such SFHs are not entirely unlike
Leo A (Skillman et al. 2014); however, neither of our late-blooming
7The UV background model used in our simulations results in a reioniza-
tion redshift of z ≈ 10, which is slightly earlier than found by the Planck
Collaboration XIII 2016. This may impact the onset of star formation in
our simulated WDM galaxies. We note, however, that the Planck result is a
mean reionization redshift, and overdense regions such as the Local Group
may have reionized somewhat earlier (e.g. Lunnan et al. 2012).
8This statement assumes that the truncation in the ultrafaint dwarf SFH is
set by reionization feedback effects. Recent observations of M31 ultrafaint
dwarf galaxies have found extended SFHs, implying that the Milky Way
utlrafaint satellite SFHs could be a product of local environmental effects
such as non-uniform patchy reionization or stripping by the host (Martin
et al. 2017).
galaxies has any star formation prior to z ≈ 3.5, unlike Leo A (Cole
et al. 2007). There is one galaxy in the CDM sample that forms over
80 per cent of its stars in the last 2 Gyr (Fitts et al. 2017), but it also
has a population of ancient (z ∼ 7) stars, in contrast with the young
WDM cases.
Both dark matter models predict haloes that do not form any
stars, so it is possible that a CDM model could produce a similarly
young ultrafaint dwarf. In that case, the central density profile of
the dwarf could help to constrain which type of dark matter halo it
resides in, as it would be at least 20 per cent denser in CDM than
in WDM according to Fig. 9. Further, if similarly young galaxies
form in CDM, they would likely be less abundant. The discovery
of a population of galaxies with entirely young stars residing in
haloes at this mass scale would therefore strongly disfavour CDM
and favour a WDM model.
4.4 Comparison with previous results
Our results complement and extend previous hydrodynamical sim-
ulations of isolated WDM dwarf galaxies (Herpich et al. 2014;
Governato et al. 2015; Colı´n et al. 2015; GS16). We do find a few
notable differences, however. Unlike all previous WDM studies at
this mass scale, our simulated dwarfs are dispersion-supported and
do not feature stellar discs; this is consistent with FIRE-based CDM
results. Further, our larger suite of WDM galaxies has a broader
range of SFHs than previous studies. Finally, the impact of stellar
feedback on a galaxy’s central density in our simulations is interme-
diate to that of GS16, who found WDM galaxies more effective at
modifying their central density than in CDM, and Governato et al.
(2015), who found the opposite (albeit for a single galaxy).
Unlike GS16 (but similar to Governato et al. 2015), we find that
the reduction in a galaxy’s central density is correlated with its
stellar mass, with higher M systems more effective in modifying
their central densities. However, as found by GS16, we show the
combination of stellar feedback and free-streaming effects can be
more effective at reducing the central density in WDM than in
CDM, albeit only in certain cases and at a lower level than reported
in GS16. These differences highlight the importance of studying
galaxy formation in WDM cosmologies with varying star formation
prescriptions more thoroughly.
5 C O N C L U S I O N S
In this paper, we have presented simulations of eight isolated dwarf
galaxies with a halo mass of Mhalo = 1010 M in WDM using the
FIRE-2 galaxy formation model. The underlying dark matter parti-
cle model is a resonantly-produced sterile neutrino with a mass of
ms = 7.1 keV and a mixing angle of sin 2(2θ ) = 2.9 × 10−11. This
model was selected to (1) provide free-streaming effects that are at
the warm edge of what is allowed based on satellite galaxy counts
and large-scale structure constraints and (2) account for the origin
of possible detections of an X-ray line at 3.55 keV in galaxy and
galaxy cluster observations. These isolated dwarfs were also studied
in CDM in Fitts et al. (2017). A summary of our main results is as
follows:
(i) WDM haloes collapse later and with a larger initial mass than
their CDM counterparts. This results in a shorter, near-monolithic
period of initial collapse that allows WDM haloes to catch up to
their CDM counterparts in the halo assembly process. Following
this rapid collapse phase, the central halo potential (as measured
by the halo Vmax) is set at a similar cosmic period of t ∼ 2–4 Gyr
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in both CDM and WDM. WDM free-streaming effects weaken
density perturbations on small scales, resulting in WDM haloes
forming with a decreased central density, or equivalently, a smaller
peak Vmax. The reduction in WDM central density relative to CDM
is approximately the same for all haloes with a density ratio ranging
from ρWDM/ρCDM(r = 500 pc) = 0.60–0.75 and a mean value of
0.70.
(ii) The stellar mass of a galaxy at z = 0 is correlated with its
host halo’s central density (or Vmax(zf)) at the time of formation,
where zf is defined as the redshift where the Vmax function initially
reaches a value of 0.85 Vmax(z = 0). The WDM haloes follow the
same M(z = 0)–Vmax(zf) trend as the CDM haloes owing to a sim-
ilar degree of central density reduction from free-streaming effects
amongst our WDM haloes.
(iii) Our suite of WDM dwarf galaxies can be divided into
two groups based on stellar mass: WDM haloes with Vmax(zf ) >
25 km s−1 all have M  2 × 106 M. WDM haloes with Vmax be-
low this threshold form far fewer or no stars. These haloes are
strongly affected by reionization feedback, as they have shallow
central potentials that are barely capable of accreting and cooling
warm (TIGM ∼ 2 × 104 K) gas in order to form stars.
(iv) The galaxy scaling relations follow the same trends in WDM
as in CDM. Given a galaxy of a fixed mass, shape, and size, it is not
possible to identify whether the halo is made up of warm or cold
dark matter. All WDM galaxies feature a delay in the onset of star
formation due to the later halo collapse times. As a result, all of the
WDM galaxies studied here are devoid of stars formed before z =
7 and contain a significantly smaller fraction of stellar mass formed
at early times relative to their CDM counterparts.
While our WDM simulation suite includes an ultrafaint galaxy
with some ancient (reionization-era) star formation, there are no
ultrafaint galaxies with an entirely old stellar population in this
suite. Moreover, we predict a population of extremely young, gas-
rich, actively star forming ultrafaint dwarfs that have formed over
80 per cent of their stars in the last 4 Gyr if dark matter is warm.
Both WDM and CDM predict that some Mhalo = 1010 M haloes
will not be able to form any stars.
(v) Free-streaming reduces the central densities of dwarf WDM
haloes relative to their CDM counterparts. Feedback from bursty star
formation further reduces the central density of WDM haloes; this
effect is also present in CDM simulations. The CDM analogues host
more massive galaxies and have more significant feedback events;
the CDM galaxies therefore tend to have a greater impact on their
haloes’ central densities compared to their WDM counterparts when
isolating the effects of stellar feedback from free-streaming. In one
case, however, stellar feedback is more effective at reducing the
central density in WDM than in CDM despite a smaller stellar mass
and abbreviated SFH for the WDM galaxy. While the extra reduction
is a modest ∼10 per cent, this demonstrates that larger modification
of WDM haloes relative to CDM is possible in hydrodynamical
simulations for WDM haloes with extended SFHs and low central
densities.
(vi) Only half of our suite of WDM galaxies form stars before
z = 6 and none of the haloes form stars before z = 7. These WDM
galaxies contribute negligibly to the ionizing photon background,
contrary to the expectations for galaxies in haloes at this mass scale
in CDM. Previous studies have shown that WDM models with
a similar free-streaming scale as the S229 model we study here
are able to complete reionization by z = 6 through vigorous star
formation in haloes with Mhalo > 1010 M (Schultz et al. 2014;
Bose et al. 2016b; Villanueva-Domingo et al. 2018). The ability
of these models to match high-z UV luminosity functions and the
implications for galaxy formation in larger mass WDM haloes is
left for future work.
We have demonstrated the viability of a resonantly-produced
sterile neutrino WDM model to produce realistic dwarf galaxies
and to simultaneously address small-scale issues found in the CDM
paradigm. Our suite of WDM haloes features density profiles that
are less centrally dense than their CDM counterparts, which is im-
portant for addressing the TBTF problem. A colder model and/or
higher-mass haloes may see even larger reductions in the central
density. A colder resonantly-produced sterile neutrino WDM model
may also provide a better fit to constraints from reionization and
SFHs of Local Group ultrafaint dwarfs. We will consider such mod-
els through FIRE simulations in a future paper.
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